Background: Duchenne muscular dystrophy (DMD) patients experience skeletal muscle degeneration, including respiratory muscles. Respiratory decline in glucocorticoid-treated DMD patients, measured by percent predicted forced vital capacity (FVC%p), is typically 5% annually in patients aged 10 to 18 years. Objective: Evaluate the effects of eteplirsen on FVC%p annual change in 3 trials versus matched Cooperative International Neuromuscular Research Group Duchenne Natural History Study (CINRG DNHS) controls. Methods: Eteplirsen studies 201/202 evaluated eligible ambulatory DMD patients for at least 4 years, study 204 evaluated primarily non-ambulatory DMD patients for 2 years, and ongoing study 301 is evaluating ambulatory DMD patients for 2 years (interim analysis is included). Eteplirsen-treated patients (n = 74) were amenable to exon 51 skipping and were receiving glucocorticoids. Three CINRG DNHS cohorts included: glucocorticoid-treated patients amenable to exon 51 skipping (Exon 51 CINRG DNHS; n = 20), all glucocorticoid-treated CINRG patients (All CINRG DNHS; n = 172), and all glucocorticoidtreated genotyped CINRG DNHS patients (Genotyped CINRG DNHS; n = 148). FVC%p assessments between ages 10 and <18 years were included for all patients; mixed-model analyses characterized FVC%p annual change. Results: FVC%p annual change was greater for CINRG DNHS Exon 51 controls (-6.00) versus patients in studies 201/202, study 204, and study 301 (-2.19, P < 0.001; -3.66, P 0.004; and -3.79, P 0.017, respectively). FVC%p annual change in all eteplirsen studies suggested treatment benefit compared with the Genotyped CINRG DNHS (-5.67) and All CINRG DNHS (-5.56) cohorts (P < 0.05, all comparisons). Conclusions: Significant, clinically meaningful attenuation of FVC%p decline was observed in eteplirsen-treated patients versus CINRG DNHS controls.
INTRODUCTION
Duchenne muscular dystrophy (DMD) is an irreversible, progressive neuromuscular disease caused by out-of-frame mutations in the DMD gene [1] [2] [3] [4] . As dystrophin is a critical structural protein in the sarcolemma of myocytes, near absence of dystrophin results in inflammation, necrosis, and eventual replacement of functional muscle tissue with fibrosis and fat [5] . All skeletal muscles are affected, including the respiratory muscles [6] . Consequently, progressive respiratory decline is associated with increased morbidity and mortality in patients with DMD [2, [7] [8] [9] .
Respiratory decline in DMD patients can be assessed using several measures, including forced vital capacity (FVC), the total amount of air that can be moved through the lungs after a maximal inspiration followed by exhalation. In turn, this can be compared with the predicted FVC for a patient with a similar given age and physical characteristics to generate the percent predicted FVC (FVC%p). In untreated patients with DMD, the FVC%p decline begins early, typically between the ages of 7 and 10 years; glucocorticoid treatment slightly delays the onset of this decline [7, 10] . However, between the ages of 10 and 18 years, the annual FVC%p declines linearly at a clinically significant rate of approximately 5% per year, regardless of glucocorticoid treatment [1, [10] [11] [12] [13] . This steady decline requires increased levels of clinical intervention as the FVC%p drops below critical thresholds and as reduced respiratory function notably impacts quality of life [14, 15] . It follows that reducing the annual rate of FVC%p decline to less than 5% may meaningfully extend time to critical milestones of morbidity and mortality.
Eteplirsen is a phosphorodiamidate morpholino oligomer designed to restore out-of-frame DMD gene mutations and produce internally truncated dystrophin protein in patients amenable to exon 51 skipping, estimated to be 13% to 14% of DMD patients [16, 17] . The promise of this approach is evident in the remarkably milder DMD phenotype in patients with mutations amenable to exon 44 skipping [18, 19] . These patients experience natural endogenous exon skipping and produce small levels of internally truncated dystrophin, attenuating the rate of functional decline (in some cases by many years) compared with other DMD patients.
The long-term effect of eteplirsen on a number of pharmacodynamic and functional outcomes has been described previously [20] . In addition, the long-term effect of eteplirsen on respiratory function has been previously described compared with natural history and an external control group [21] . However, more recent literature characterizes the linear respiratory decline with glucocorticoid treatment administration between the ages of 10 and 18 years in patients with DMD, and is the basis for study designs of current clinical trials evaluating effect of therapeutics in DMD on pulmonary decline (eg, clinicaltrials.gov identifier NCT02814019) and the rationale for this new analysis [7, 10] . The impact of eteplirsen treatment on FVC%p decline during the expected linear respiratory decline phase (ages 10 to 18 years) was assessed in 74 patients across 3 studies compared with 3 matched cohorts of patient-level natural history data from the Cooperative International Neuromuscular Research Group Duchenne Natural History Study (CINRG DNHS). Consecutive open-label studies 201 and 202 were previously described [20] and were conducted over a total of 4 years, with an initial 24-week placebo-controlled period. Parameters of respiratory function, including FVC%p, were assessed as exploratory endpoints. All patients (N = 12) in consecutive studies 201/202 received eteplirsen for at least 216 weeks and had FVC%p assessments between the ages of 10 and 18 years. Study 204 was a 2-year, open-label study in minimally ambulatory and non-ambulatory patients with DMD (N = 24), and 20 of these patients aged 10 to 18 years had longitudinal FVC%p data. Study 301 is an ongoing phase 3, open-label, 2-year study, with an interim analysis presented here for patients aged 10 to 18 years with FVC%p assessments (n = 42).
MATERIALS AND METHODS

Eteplirsen-treated Patients
Study 201 (NCT01396239), a single-center, randomized, double-blind, placebo-controlled study, enrolled male patients aged 7 to 13 years with a diagnosis of DMD and DMD gene mutations amenable to exon 51 skipping. Patients had stable respiratory function (FVC%p ≥ 50%), were receiving treatment with oral glucocorticoids (a stable dose for ≥24 weeks before study entry), and completed an average distance on the 6-minute walk test (6MWT) between 180 and 440 meters. Patients were randomly assigned to 1 of 3 treatment groups (eteplirsen 30 mg/kg, eteplirsen 50 mg/kg, or placebo). Patients randomized to eteplirsen received a once weekly intravenous (IV) infusion for 28 consecutive weeks. Patients randomized to the placebo group received placebo for the first 24 weeks then were re-randomized to receive either eteplirsen 30 mg/kg or 50 mg/kg for the last 4 weeks of study 201 and continued to receive treatment for the duration of study 202.
Study 202 (NCT01540409) was an open-label, multiple dose extension study designed to assess the ongoing efficacy, safety, and tolerability of weekly IV infusions of eteplirsen. Patients received the same dose of eteplirsen they had received at week 28 in study 201 (eteplirsen 30 mg/kg or 50 mg/kg).
Six patients in studies 201/202 received each dose of eteplirsen and no differences in dystrophin expression were observed across the doses; thus, patients receiving once-weekly eteplirsen 30 mg/kg and 50 mg/kg were grouped together into a 12-patient cohort. Respiratory function tests (including FVC%p) were conducted while patients were on eteplirsen therapy, at least every 24 weeks through 216 weeks, for a total duration of at least 4 years ( Fig. 1, Table 1 ).
Study 204 (NCT02286947), an open-label, multicenter study, was designed to evaluate the safety and tolerability of eteplirsen treatment in boys aged 7 to 21 years with a diagnosis of DMD and DMD gene mutation(s) amenable to exon 51 skipping. All patients were taking a stable dose of oral glucocorticoids or had not received glucocorticoids for at least 24 weeks prior to study drug administration, were minimally ambulatory or non-ambulatory (defined as taking longer than 30 seconds to independently walk 10 meters or being incapable of walking ≥300 meters on the 6MWT), had stable cardiac and respiratory function, and had a score of 1 to 4 on the Brooke Upper Extremity Scale [22] (able to reach fully overhead, reach with compensation to the scalp, or bring their hand to the mouth, with or without a 240-g object). Eligible patients received once-weekly IV infusions of eteplirsen 30 mg/kg for 96 weeks, followed by a safety extension period. Respiratory function tests (including FVC%p) were assessed every 12 weeks for the first year of the study, and every 24 weeks thereafter through 96 weeks, for a total duration of 2 years (Fig. 2, Table 1 ). Regardless of ambulatory status, patient height was estimated based on ulnar length [23] .
Study 301 (NCT02286947) is an ongoing, phase 3, open-label, multicenter study designed to evaluate the efficacy and safety of eteplirsen in boys aged 7 to 16 years with a diagnosis of DMD and DMD gene mutation(s) amenable to exon 51 skipping. Patients were taking a stable dose of oral glucocorticoids for at least 24 weeks prior to study drug administration, had a 6MWT distance of at least 300 meters, and had respiratory function above the recently recommended threshold for assessment of nocturnal ventilation (FVC%p ≥ 50%) [15] . Eligible patients receive onceweekly IV infusions of eteplirsen 30 mg/kg for 96 weeks, followed by a safety extension. FVC%p is assessed every 12 weeks for the first year and every 24 weeks thereafter, through 96 weeks, for a total duration of up to 2 years in the interim analysis ( Fig. 3 , Table 1 ).
Natural History Patients
The CINRG DNHS, one of the largest prospective natural history studies of DMD conducted to date [8] , comprises more than 400 DMD patients with complete characterization of demographic data, along with assessments of clinical parameters affected by DMD [7, 8, 10, [24] [25] [26] .
CINRG DNHS patient-level data [24] were obtained for use as the natural history comparators. Upon entry into the natural history study, assessments of respiratory function (including FVC%p) were conducted every 3 months for 1 year, then at 18 and 24 months, and annually thereafter. Subsets of patients from the CINRG DNHS were identified as external controls for comparison with eteplirsentreated patients. The method for identification and comparison with patients from CINRG DNHS was pre-specified in a statistical analysis plan (SAP; see Supplemental Materials). Although the comparators would ideally be a matched genotype (amenable to exon 51 skipping), at the time of the SAP completion, it was not known whether there would be a sufficient number of exon 51 patients. As such, 3 CINRG DNHS cohorts were predefined based on genetic testing for DMD (Fig. 4) . These 3 cohorts included: (1) all glucocorticoid-treated CINRG DNHS patients aged 10 to <18 years, regardless of whether DMD was confirmed by genetic testing (All CINRG DNHS cohort; n = 172); (2) all glucocorticoid-treated, genotyped CINRG DNHS patients aged 10 to <18 years with genetically confirmed DMD (Genotyped CINRG DNHS; n = 148); and (3) glucocorticoidtreated CINRG DNHS patients aged 10 to <18 years with mutations amenable to skipping exon 51 (Exon 51 CINRG DNHS; n = 20). Patients known to be amenable to exon 44 skipping were excluded from all 3 cohorts, as it has been established that they have a phenotypically milder disease [18, 19] . Key inclusion criteria for the eteplirsen studies and for the CINRG DNHS study are summarized in Table 1 .
In all 3 CINRG DNHS cohorts, patients were required to be receiving glucocorticoids. If a patient was using glucocorticoids intermittently, then only those FVC%p assessments collected during the interval in which the patient was receiving glucocorticoid therapy were used.
Conversion of FVC to FVC%p
Forced vital capacity typically increases with normal growth until attainment of adult stature, typically in the mid-to-late teens. As such, age, height, and ethnicity all influence this measure, and normalizing FVC performance for those characteristics yields an FVC%p [27] . Different equations can be used to normalize FVC, resulting in slightly different FVC%p values for the same FVC [27, 28] . As such, the same equation (NHANES III) was used for normalization of FVC to FVC%p for CINRG DNHS and eteplirsentreated cohorts in studies 204 and 301, with height calculated using ulnar lengths for all patients owing to lack of standing ability in non-ambulatory patients [10, 23, 24] . However, FVC%p was calculated differently for studies 201/202, as these earlier studies evaluated ambulatory patients treated with eteplirsen. As reported on the case report form, the methodology employed was that described by Polgar and Promadhat [28] (height was measured using standing height, and ulnar lengths were not generally collected).
Statistical Analyses
All eteplirsen study patients who received at least 1 dose of eteplirsen of at least 30 mg/kg, and had both a baseline and at least 1 post-baseline FVC%p value were included in the analyses. For patients in studies 201/202 originally randomized to placebo, who began open-label eteplirsen treatment at week 25, FVC%p values at baseline and during eteplirsen treatment were included. For these placebo-to-eteplirsen patients, week 24 FVC%p values were used as baseline values to ensure that each patient had just one untreated baseline value, and all subsequent assessments of FVC%p were taken while patients were on eteplirsen treatment. All CINRG DNHS cohort patients who had at least 2 FVC%p values were included in the analyses.
As the linear decline phase of respiratory function occurs between 10 and 18 years of age [1, [10] [11] [12] [13] , with a negligible decline seen prior to the age of 10 years in glucocorticoid-treated patients with DMD [7, 10] , the analysis presented includes patients aged 10 to <18 years who were in the expected linear decline phase of the disease.
The annual rate of FVC%p change was estimated and compared between eteplirsen-treated and CINRG DNHS cohorts using mixed-model for repeated measures (MMRM) analyses. The MMRM fit FVC%p as the response variable, treatment group (eteplirsen vs CINRG DNHS), age (at visit), and treatment group by age interaction as the fixed effects, and patient as a random effect. To account for potential differences in variability within the eteplirsen and CINRG DNHS groups, the patient variance component and the residual variance were estimated for each treatment group. The coefficient for age (ie, the slope of FVC%p versus age) for each treatment group was interpreted as the annual rate of FVC%p change for each treatment group. This analysis method is an extension to two treatment groups of the statistical method for one treatment group described by McDonald et al. [10] for CINRG DNHS. Each of the 3 eteplirsen studies was compared with each of the 3 CINRG DNHS cohorts.
For each of the MMRM analyses comparing eteplirsen studies with CINRG DNHS cohorts, the numbers of patients and observations, the estimated annual rate of FVC%p change, and the corresponding 95% confidence interval (CI) were computed for each treatment group. Additionally, for each comparison, the estimated difference in annual rates of FVC%p change between the 2 treatment groups, the associated 95% CI, and the nominal P value to test the equality of the annual rates of FVC%p change between the 2 treatment groups were computed. The P values were considered nominal and descriptive; thus, no adjustments were made for multiple testing.
Two sensitivity analyses were performed to assess the robustness of the primary analysis for each eteplirsen study vs CINRG DNHS comparator. The first sensitivity analysis was an MMRM with random slopes for individual patients. The MMRM fit FVC%p as the response variable; fit treatment group, age (at visit), and treatment group by age interaction as the fixed effects; and included a random intercept and random slope for age for each patient. The second sensitivity analysis was the same as the primary analysis except it included baseline height as a covariate. This MMRM fit FVC%p as the response variable; fit treatment group, age (at visit), treatment group by age interaction, and baseline height as the fixed effects; and included patient as a random effect.
In an alternative analysis that included all patients in study 204, regardless of age, the 2-year change from baseline in FVC%p was assessed using descriptive statistics (mean and standard error [SE] ) for all (N = 24) study 204 patients, regardless of age. The mean annual change was derived from this value to determine if this was in line with the MMRM analysis.
RESULTS
Demographics and baseline characteristics for the eteplirsen-treated patients across the 4 studies and for the 3 CINRG DNHS natural history cohorts are presented in Table 2 (baseline and last visit characteristics are compared in Supplemental Table S1 ). The eteplirsen study populations differed between studies 201/202 and 301 compared with study 204 in that the population of study 204 was older, primarily non-ambulatory, and had a greater degree of disease progression (as measured by FVC%p; Table 2 ). This is consistent with the differences in inclusion criteria for the studies (Table 1 ). In general, mean values of the baseline demographic and baseline characteristics of all 3 CINRG DNHS cohorts were within the range of values across the eteplirsen studies. Notably, the Exon 51 CINRG DNHS cohort at baseline consisted mainly of ambulatory patients (17/20; 85%) with a median age of 10.4 years, which is most similar to the population of ambulatory patients from eteplirsen studies 201/202 and 301. (92) 19 (95) 35 (83) 16 (80) 116 (78) 134 (78) Asian 1 (8) 1 (5) 2 (5) 3 (15) 19 (13) 24 ( (5) 9 (6) 10 (6) Ethnicity, n (%) Hispanic or Latino 0 1 (5) 4 (10) 1 (5) 20 (14) 23 ( 10.0, 11.0 10.0, 17.3 10.0, 16.3 10.0, 17.9 10.0, 17.9 10.0, 17.9 Standing height at baseline, cm n 1 1 8 3 9 1 3 8 7 1 0 6
Mean (SD) 126.12 (7.596) 127.30 (11.286) 130.46 (7.244) 131.45 (7.604) 130.54 (8.381) 129.88 (8.195 At the completion of studies 201/202, the 12 patients had 132 FVC%p assessments conducted in the age group of 10 to 18 years. Eteplirsen-treated patients had a statistically significant attenuation of the annual rate of FVC%p decline of 2.19% compared with 6.00% for the Exon 51 CINRG DNHS cohort (P < 0.001; Table 3 ). Comparisons with the broader CINRG DNHS cohorts (Genotyped and All CINRG DNHS) were consistent with this result (P < 0.001 for both comparisons).
At the completion of Study 204, 20 patients had 117 FVC%p assessments conducted in the age group of 10 to 18 years. Eteplirsen-treated patients had a statistically significant attenuation of the annual rate of FVC%p decline of 3.66% compared with 6.00% for the Exon 51 CINRG DNHS cohort (P 0.004; Table 3 ). Again, comparisons with the broader CINRG DNHS cohorts (Genotyped and All CINRG DNHS) were consistent with this result (P 0.005 and P 0.007, respectively). In the alternative analysis that included all patients in study 204, regardless of age, the mean baseline FVC%p (SE) for all study 204 patients (N = 24) was 65.53% (3.365); this declined over the 2-year course of the study to 58.16% (3.847 ; n = 23, as one patient did not have an assessment at year 2).
At the time of the study 301 interim analysis, 42 patients had 184 FVC%p assessments conducted in the age group of 10 to 18 years. Eteplirsen-treated patients had a statistically significant attenuation of the annual rate of FVC%p decline of 3.79% compared with 6.00% for the Exon 51 CINRG DNHS cohort (P 0.017; Table 3 ). As seen in studies 201/202 and 204, comparisons of eteplirsen-treated patients in the study 301 interim data with the broader CINRG DNHS comparators (Genotyped and All CINRG DNHS) were consistent with the comparison to Exon 51 CINRG DNHS (P 0.026 and P 0.036).
The sensitivity analyses conducted both for studies 201/202 and for study 204 confirmed that the eteplirsen-treated patients had a significant attenuation in the annual rate of FVC%p decline compared with the Exon 51 CINRG DNHS cohort (studies 201/202: P < 0.001 for both analyses; study 204: P 0.009 and 0.027, respectively), supporting the robustness of the primary analysis (Supplemental Tables S2-S5) . Similarly, the baseline height sensitivity analysis for study 301 also confirmed that the eteplirsen-treated patients had an attenuation in the annual rate of FVC%p decline compared with the Exon 51 CINRG DNHS cohort (P 0.018); however, the results of the random slope effect sensitivity analysis for study 301 approached, but did not achieve statistical significance (P 0.058) (Supplemental Tables S6 and S7). -6.80, -5.19 -6.04, -5.30 -5.91, -5.21 Studies 201 
DISCUSSION
Patients with DMD experience predictable, progressive loss of functions, ultimately leading to premature death most commonly due to respiratory or cardiac complications [8, 10, 29, 30] . Decline in respiratory function begins in the first decade of life as respiratory muscles deteriorate along with other skeletal muscles. While glucocorticoid treatment effectively delays the onset of decline initially, it does not slow the rate of decline in respiratory function between the ages of 10 and 18 years compared with patients not taking glucocorticoids [7] .
Slowing the rate of respiratory decline in this age range is particularly important, as critical milestones associated with increased morbidity are typically experienced during this time period [15] . For example, declining below FVC%p of 80% is associated with prolonged respiratory illness. As FVC%p drops below 60%, daily cough assistance and deep lung inflation techniques are recommended. At FVC%p of 50%, the recent 2018 Duchenne Care Considerations [15, 31, 32] recommend initiation of noninvasive nocturnal ventilation, and sleep studies are recommended to assess the presence of nocturnal hypoventilation. As the typical annual decline in FVC%p is greater than 5% between the ages of 10 and 18 years, patients can progress rapidly between thresholds (eg, 2 years between 60% and 50% FVC%p) [1, 7, [10] [11] [12] [13] . As such, any slowing of the rate of this progression is clinically meaningful, as time to these milestones of decline may be extended. Moreover, as respiratory function continues to decline in the later years, delaying time to established prognostic indicators of mortality, such as FVC%p less than 30% and FVC <1 L, may improve quality of life and extend the lifespan of patients with DMD [8, 10, 29] .
The analyses presented here show that eteplirsen treatment in 74 patients with DMD resulted in significant slowing of respiratory decline when compared with glucocorticoid-, age-, and matched exon skipping-amenable CINRG DNHS external controls, across studies 201/202, 204, and 301. The magnitude of attenuation of FVC%p decline due to eteplirsen treatment (-2.19 to -3.79 ) versus untreated controls (-6.00) is meaningful, and may substantially extend the time between progressive milestones of decline. Such a reduction in the rate of pulmonary decline will likely impact both the quality of life and the duration of life in patients with DMD.
The significant attenuation of FVC%p decline in eteplirsen-treated patients was observed for both ambulatory (n = 54) and primarily non-ambulatory (n = 20) patients, highlighting treatment benefit in all patients between the ages of 10 and 18, including more advanced patients who had lost ambulation. Moreover, higher levels of respiratory function are closely linked to better upper limb function in nonambulatory patients [8, 10] , as both are skeletal muscle outcomes. Thus, slowing the decline in respiratory function in non-ambulatory patients may indicate a general slowing of overall disease progression, including the slowing of upper limb function decline, and further study of the effect of eteplirsen on preservation of upper limb function is needed.
The duration of eteplirsen treatment may be linked to the magnitude of attenuation of FVC%p decline. Patients in studies 201/202 received 4 years of eteplirsen treatment and the annual decline in FVC%p was reduced to 2.19%. In contrast, in the 2-year study 204 and the interim analysis of 2-year study 301, annual declines of 3.66% and 3.79%, respectively, were observed. These findings suggest that the longer duration of eteplirsen treatment may result in progressive attenuation of muscle function decline; however, further analysis of the duration of eteplirsen treatment is warranted.
A potential limitation of this work is that a natural history study is used as a comparator rather than a randomized comparator. The differences between the clinical trial and natural history settings may have contributed to the observed disparities in pulmonary function decline. However, the 3 CINRG DNHS cohorts were selected using pre-specified criteria with respect to age range for pulmonary decline (10 to <18 years) and glucocorticoid treatment to match those of eteplirsen-treated patients, and they were contemporaneous cohorts. Further, the Exon 51 CINRG DNHS cohort and the eteplirsen-treated patients were matched for exon skipping-amenable mutations, making the natural history cohort an appropriate comparator. Comparisons of demographic and clinical characteristics between eteplirsen-treated patients and the CINRG DNHS cohort showed important differences. Eteplirsen-treated patients in studies 201/202 were younger and had higher FVC%p values than the CINRG DNHS cohort patients, while eteplirsen-treated patients in study 204 were older, with more advanced-stage disease. Interestingly, eteplirsen-treated patients from both studies showed slower decline in FVC%p than the CINRG DNHS cohort comparators. The frequency and schedule of assessments were key protocol differences between the eteplirsen studies and the CINRG DNHS nat-ural history study, which were addressed by the slope model analyses. However, the statistical models accounted for differences in variability between the eteplirsen studies and CINRG DNHS cohorts, and statistical significance was achieved in all cases despite these potential sources of variability. Another limitation of this work is that data from an interim analysis from one of the 3 eteplirsen trials (study 301) were used for the current analysis; further analysis at study completion is planned.
In conclusion, significant and clinically meaningful attenuation of FVC%p decline was observed in eteplirsen-treated patients versus matched CINRG DNHS controls over follow-up ranging from 2 to 4 years. This treatment effect of eteplirsen was clinically meaningful and may translate to prolonged time to required mechanical airway clearance, noninvasive ventilation, reduced risk of hospitalization due to respiratory illnesses, improved quality of life, and improved survival.
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